We isolated and characterized Bipolaris melanin regulation 1 gene (BMR1) encoding a transcription factor for melanin biosynthesis genes in the phytopathogenic fungus Bipolaris oryzae. Sequence analysis showed that the BMR1 gene encodes a putative protein of 1012 amino acids that has 99% sequence similarity to transcription factor Cmr1 of Cochliobolus heterostrophus. The predicted B. oryzae Bmr1 protein has two DNA-binding motifs, two Cys 2 His 2 zinc finger domains, and a Zn(II) 2 Cys 6 binuclear cluster domain at the N-terminal region of Bmr1. Targeted disruption of the BMR1 gene showed that BMR1 is essential for melanin biosynthesis in B. oryzae. The overexpression of the BMR1 gene led to more dark colonies than in the wild-type strain under dark conditions. Real-time PCR analysis showed that the BMR1 expression of the overexpression transformant was about 10-fold that of the wild type under dark conditions and of the expression of three melanin biosynthesis genes. These results indicated that BMR1 encodes the transcription factor of melanin biosynthesis genes in B. oryzae.
Introduction
Melanin is a dark-pigmented polymer that protects organisms against environmental stress, and its production is also widespread in the fungal kingdom (Bell & Wheeler, 1986; Butler & Day, 1998; Henson et al., 1999) . In general, melanin accumulates in fungal cell walls and has been believed to confer tolerance to environmental stresses such as UV radiation (Wang & Casadevall, 1994; Rehnstrom & Free, 1996; Kawamura et al., 1999) . Bipolaris oryzae (Breda de Haan) Shoem., the causal agent of brown leaf spot disease in rice, produces 1,8-dihydroxynaphthalene (DHN)-melanin (Kubo et al., 1989) , as do Colletotrichum lagenarium, Magnaporthe grisea, and Alternaria alternata. DHN-melanin biosynthesis starts with a polyketide synthase using acetate as a precursor. A hydroxynaphthalene reductase converts 1, 3, 6, 3, 6, to scytalone. Dehydration of scytalone by scytalone dehydratase forms 1, 3, 3, . 1,3,8-THN reductase converts the 1,3,8-THN to vermelone, which is further dehydrated to 1,8-DHN. Finally, oxidative polymerization of 1,8-DHN gives DHN-melanin. We have observed recently that the expression of three melanin biosynthesis genes involved in the melanin biosynthesis, polyketide synthase gene (PKS1; Moriwaki et al., 2004) , scytalone dehydratase gene (SCD1; Kihara et al., 2004b) , and 1,3,8-THN reductase gene (THR1; Kihara et al., 2004a) , was specifically up-regulated by near-UV (NUV: 300-400 nm) radiation in B. oryzae. The expression patterns of these melanin biosynthesis genes were very similar, suggesting that the transcription factor could be involved in the regulation of these melanin biosynthesis genes in B. oryzae.
Colletotrichum lagenarium and M. grisea are plant pathogenic fungi that cause anthracnose of cucumber and rice blast, respectively, and produce melanin during melanized appressorium formation. The orthologous transcription factors Cmr1 (Colletotrichum melanin regulation) and Pig1 (pigment of Magnaporthe), which are involved in melanin biosynthesis, were identified and characterized in Colletotrichum lagenarium and M. grisea, respectively (Tsuji et al., 2000) . On the other hand, Cochliobolus heterostrophus, the cause of Southern corn leaf blight, also produces melanin. Genetic linkage analysis for melanin biosynthetic mutations was performed using color mutants of Cochliobolus heterostrophus (Tanaka et al., 1991; Guillen et al., 1994) . The transcription factor Crm1 (Cochliobolus regulation of melanin) has been characterized using complementation of a melanin-deficient albino mutant of Cochliobolus heterostrophus (C. Tanaka et al., unpublished results) . Recently, the CMR1 gene encoding the transcription factor showing significant homology to both Cmr1 of Colletotrichum lagenarium and Pig1 of M. grisea was identified in Cochliobolus heterostrophus (Eliahu et al., 2007) . The alignments of the deduced amino acid sequences of Crm1 and Cmr1 of Cochliobolus heterostrophus were identical (data not shown).
In this paper, we report the isolation of Bipolaris melanin regulation 1 (BMR1), a gene encoding the transcription factor involved in melanin biosynthesis, as well as the characterization of the disruption and overexpression of the BMR1 gene in B. oryzae. Furthermore, we also report the expression of the BMR1 gene and melanin biosynthesis genes under NUV irradiation.
Materials and methods
Fungal culture, cloning, and sequence analysis Bipolaris oryzae strain D9/F6-69 (a stock culture in the Laboratory of Plant Pathology, Shimane University) was used as the wild-type strain. Genomic DNA was extracted according to the protocol of Kihara et al. (2004a) . Two primers (BMR8 and BMR9; Table 1) were designed from the CRM1 of Cochliobolus heterostrophus (Tanaka et al., unpublished results) . These primers were used to amplify target DNA by PCR, with B. oryzae genomic DNA as a template. The PCR was performed using a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). The PCRamplified fragments were purified using the Prep-A-Gene DNA Purification Kit (Bio-Rad Laboratories, CA), subcloned into the pT7 Blue T-vector (TAKARA BIO, Otsu, Japan), and sequenced. Sequencing reactions were performed using the Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems) on the ABI PRISM 3100 genetic analyzer (Applied Biosystems). The transcription initiation site and polyadenylation site of the BMR1 gene were determined using the GeneRacer Kit (Invitrogen, CA). The deduced amino acid sequences were compared using GENE-TYX (Software Development Co. Ltd, Tokyo, Japan).
Disruption of BMR1 gene
Fungal transformation vector pSH75 (Kimura & Tsuge, 1993) , containing a hygromycin-resistant hph gene as a selectable maker, was used to construct the BMR1 disruption vector. A 1015-bp fragment internal to the BMR1 gene amplified by PCR using BMR8 and BMR9 was cloned into the transformation vector pSH75 to produce disruption vector pSHbmr. The wild-type strain D9/F6-69 was transformed with pSHbmr by the methods described previously (Kihara et al., 2004a) .
Overexpression of the BMR1 gene
The coding regions of the BMR1 gene amplified by PCR using the primers BMR_SacI and BMR_KpnI were fused between the Aspergillus nidulans trpC promoter and trpC terminator to produce the overexpression vector pSPPRT (Fig. 3c) . The pSPPRT and pSH75 vectors were cointroduced into B. oryzae.
Southern and Northern blot analysis
DNA and total RNA were extracted from B. oryzae mycelia as described previously (Kihara et al., 2004b) . For Southern blot analysis, 20 mg of the genomic DNA was digested with Table 1 . PCR primers used in this study Gene (accession no.) Primer name Sequence (5
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restriction endonuclease EcoRV and separated by electrophoresis on a 1% agarose gel. The gel was denatured and blotted onto a Hybond N 1 nylon membrane (GE Healthcare, Buckinghamshire, UK). For Northern blot analysis, total RNA (10 mg) was separated by electrophoresis on 1% formaldehyde agarose gels and blotted onto Hybond N 1 membrane. The blots were hybridized using a digoxigeninlabeled DNA as a probe. DNA labeling, hybridization, and detection were carried out using the digoxigenin system according to the manufacturer's recommendations (Roche Applied Science, Mannheim, Germany).
Real-time PCR analysis
Total RNA was used as a template for cDNA synthesis. cDNA was prepared using Ready-To-Go You-prime First-Strand Beads (GE Healthcare, Buckinghamshire, UK) with oligo(dT) 15 primer. DNA contamination was eliminated by treatment with RNAse-free DNAse I (TAKARA BIO). Realtime PCR was performed using SYBR Premix Ex Taq (TAKARA BIO) and a Thermal Cycler Dice Real Time System TP800 (TAKARA BIO). The primers used in the reaction (Table 1) were designed by PRIMER EXPRESS software (Applied Biosystems). Post PCR melting curves confirmed the specificity of single-target amplification, and the -fold expressions of each gene relative to glyceraldehyde-3-phosphate dehydrogenase gene (GPD) were determined in triplicate.
Results and discussion
Cloning and characterization of BMR1
The transcription factor involved in melanin biosynthesis, Crm1 (Cochliobolus regulation of melanin), has been characterized using complementation of the melanin-deficient albino mutant of Cochliobolus heterostrophus (Tanaka et al., unpublished results) . PCR amplification using B. oryzae genomic DNA as a template and two primers (BMR9 and BMR8) produced a 1015-bp DNA fragment. This amplified fragment was cloned into pT7 vector and sequenced. The deduced amino acid sequence showed high similarity to those of Crm1 (Cmr1) of Cochliobolus heterostrophus (data not shown). The transcription initiation site and polyadenylation site were determined by 5' and 3' rapid amplification of the cDNA ends (RACE). The gene, designated BMR1, contains an ORF interrupted by three introns (Fig. 1a) . Southern blot analysis showed that the BMR1 gene is present as a single copy in the B. oryzae genome (data not shown). The deduced Bmr1 protein is 1012 amino acids long and shares 99%, 74%, and 76% similarity to Cmr1 (Crm1) of Cochliobolus heterostrophus (DQ902714), Cmr1 of Colletotrichum lagenarium (AB024516), and Pig1 of M. grisea (AF230811), respectively. The predicted B. oryzae Bmr1 protein has two DNA-binding motifs, two Cys 2 His 2 zinc finger domains, and a Zn(II) 2 Cys 6 binuclear cluster domain at the N-terminal region of Bmr1 (Fig. 1a) . These regions of the Bmr1 showed high similarity to the amino acid sequence of other fungal transcription factors (Fig. 1b) . Thus, B. oryzae Bmr1 appears to be quite similar to transcription factors having Cys 2 His 2 and Zn(II) 2 Cys 6 motifs of Colletotrichum lagenarium, M. grisea, and Cochliobolus heterostrophus.
Disruption of the BMR1 gene
In order to confirm the function of the BMR1 gene, we investigated the effects of disrupting BMR1 in B. oryzae using transformation-mediated gene disruption. A 1015-bp PCR-amplified fragment internal to the BMR1 was cloned into the fungal transformation vector pSH75 to produce disruption vector pSHbmr. The plasmid should disrupt the BMR1 gene in the wild-type strain through single-crossover homologous recombination (Fig. 3b) . As a result, two transformants named GD1 and GD2 with an albino phenotypic appearance (Mel À ) on PDA medium were isolated (Fig.  2) . In order to confirm the BMR1 gene disruption of GD1 and GD2 transformants at the molecular level, the integration of the targeting vector, pSHbmr, was investigated by Southern hybridization using a digoxigenin-labeled 1015-bp fragment of the BMR1 used as a probe (Fig. 3a) . When the genomic DNA of the wild type was digested using EcoRV, a resulting fragment of 12.0 kb was observed in the wild-type genome (Fig. 3a) . In contrast, when the genomic DNA of GD1 and GD2 was digested using EcoRV, three fragments of 11.0, 9.0, and 6.5 kb were observed instead of the 12.0-kb fragment. These results suggested that the disruption vector pSHbmr was integrated into the intact BMR1 locus in the chromosomal DNA of both GD1 and GD2 transformants by homologous recombination (Fig. 3b) because the 11.0-and 9.0-kb fragments corresponded to the junction between the recipient BMR1 locus and integrated pSHbmr. Also, the 6.5-kb fragment was expected to be derived from tandem repeats of integrated vector DNA (pSHbmr), because one of the EcoRV fragments of pSHbmr was 6.5 kb in size. Thus, targeted disruption of the BMR1 gene showed that BMR1 is essential for melanin biosynthesis in B. oryzae. Real-time PCR analysis showed that the BMR1 transcripts were not detected in the GD1 and GD2 transformants, although BMR1 transcripts were expressed in the wild-type strain (data not shown). Thus, it was confirmed that there is no expression of the BMR1 gene in the disruptants, and that this absence of expression was a result of the gene disruption.
We next examined PKS1, THR1, and SCD1 gene expression involved in melanin biosynthesis in B. oryzae by Northern blot analysis (Fig. 4) . In the wild-type strain, the three melanin biosynthesis genes were expressed weakly in darkness and were significantly enhanced in mycelia exposed to NUV radiation. In the BMR1 disruptant, expression of the three melanin biosynthesis genes was not detected under either dark or NUV radiation conditions (Fig. 4) , suggesting that these genes absolutely require Bmr1 as a transcription factor for their expression. Real-time PCR analysis showed that PKS1 was weakly detected under both dark and NUV radiation conditions, but that SCD1 and THR1 were not (data not shown), indicating that Bmr1 might partially regulate the transcription of the PKS1 in B. oryzae. These results accorded with those of Cochliobolus heterostrophus (Eliahu et al., 2007) .
Overexpression of the BMR1 gene
The fungal transcription activators that regulate the transcription of melanin biosynthesis genes have been reported in Colletotrichum lagenarium CMR1 and M. grisea PIG1 (Tsuji et al., 2000) , and in Cochliobolus heterostrophus CRM1 (Tanaka et al., unpublished results) and CMR1 (Eliahu et al., 2007) . However, it has not been reported that overexpression of the genes affects the transcription regulation of melanin biosynthesis genes in these fungi. Thus, the BMR1 gene was overexpressed in B. oryzae under the Aspergillus nidulans PtrpC promoter to determine whether overexpression of the BMR1 gene promotes the expression of the three melanin biosynthesis genes in B. oryzae. The coding regions of BMR1 were fused between the Aspergillus nidulans trpC promoter and trpC terminator to produce the overexpression vector pSPPRT (Fig. 3c) . The pSPPRT and pSH75 vectors were cointroduced into B. oryzae. As a result, two transformants (OE1 and OE2) were isolated. In order to confirm the insertion of the BMR1 overexpression cassette of OE1 and OE2 transformants at the molecular level, the integration of the targeting vector, pSHbmr, was investigated by Southern blot analysis (Fig. 3a) . When the genomic DNA of the wild type was digested using EcoRV, a resulting fragment of 12.0 kb was observed in the wild-type genome (Fig. 3a) . On the contrary, when the genomic DNA of OE1 and OE2 was digested using EcoRV, 8.0 kb (OE1) and 9.4 kb (OE2) fragments were observed in addition to the 12.0-kb fragment. These results suggested that the overexpression vector pSPPRT was integrated into chromosomal DNA of both OE1 and OE2 transformants without homologous recombination. The colony color of two transformants (OE1 and OE2) was darker than those of the wild-type strain under dark conditions (Fig. 2) , suggesting that melanin biosynthesis of OE1 and OE2 would be promoted due to the enhancement of the expression of the three melanin biosynthesis genes. Thus, we next investigated the expression of the BMR1 and the three melanin biosynthesis genes of the BMR1 overexpressed transformant using quantitative real-time PCR analysis (Fig. 5) . Real-time PCR analysis demonstrated that BMR1 expression of the OE1 strain was about 10-fold those of the wild-type strain under dark conditions (Fig. 5a ). In addition, expression of the three melanin biosynthesis genes, PKS1, SCD1, and THR1, was also enhanced in the OE1 strain under dark conditions. These results indicated that the overexpression of the BMR1 gene enhanced melanin biosynthesis under dark conditions through high expression levels of the three melanin biosynthesis genes due to transcription factor Bmr1.
BMR1 expression under NUV irradiation
Interestingly, the expression of the BMR1 gene was significantly enhanced in mycelia exposed to NUV radiation as was the expression of the three melanin biosynthesis genes (Fig. 5) . These results suggest that the NUV radiationenhanced BMR1 expression would lead to accumulation of the Bmr1 transcription factor, resulting in up-regulation of the three melanin biosynthesis genes under NUV radiation. We are intrigued by putative fungal photoreceptors that absorb NUV radiation. Fungal photoreceptors for fungal development and behavior induced by blue light have been isolated and characterized (Purschwitz et al., 2006; Corrochano, 2007; Herrera-Estrella & Horwitz, 2007) . We recently isolated and characterized two genes encoding a putative blue-light regulator, BLR1 (Kihara et al., 2007) and BLR2 (Moriwaki et al., 2008) , from B. oryzae. They are similar to the Neurospora crassa blue-light regulators, white-collar 1 (WC-1) and white-collar 2 (WC-2), respectively. The expression of NUV-radiation-enhanced melanin biosynthesis genes was observed only slightly in the BLR1 disruptant of B. oryzae (data not shown), suggesting that other putative . Northern blot analysis of the expression of the three melanin biosynthesis genes in the WT and BMR1 disruptant (GD1). Mycelia grown for 4 days on PDA medium (Dark) were exposed to NUV radiation for 1 h (NUV), and total RNA was extracted. The digoxigenin-labeled PKS1, SCD1, and THR1 were used. The rRNA gene fragments on the ethidium bromide-stained gel are shown to demonstrate the equal loading of the RNA sample.
NUV photoreceptor(s) controlling the expression of melanin biosynthesis genes could be involved in both Bmr1 and an unknown transcription factor for the transcriptional regulation of the three melanin biosynthesis genes in B. oryzae. NUV radiation (300-400 nm) contains some UVB (280-320 nm) and a larger amount of UVA (320-400 nm) radiation. Putative NUV (UVB or UVA) photoreceptor(s) have not been characterized in fungi, although blue-light photoreceptors have been identified in fungi as mentioned above. Further analysis of the transcriptional regulation of the melanin biosynthesis genes will contribute to our understanding of fungal photomorphogenetic response and photoreceptor(s) to NUV radiation in B. oryzae. 
